a New biopolymer beads, composed of a Mg-Al-La tri-metal oxide (MAL) and alginate (SA), were synthesized, characterized and tested for their fluoride removal efficiency from wastewater. The morphology and properties of the beads were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). Batch sorption studies were carried out to investigate the adsorption capacity of fluoride on SA-CMAL. The equilibrium sorption data were analyzed using the adsorption isotherm models of Langmuir and Freundlich. To .
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Introduction
Fluoride is a natural element which is released into the environment by natural processes and anthropogenic activities (e.g., production of phosphate fertilizers, aluminum smelting, and chemical manufacturing).
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Fluoride is essential for the prevention of dental cavities, but its high level in the body can lead to dental and skeletal uorosis, which makes bones brittle and vulnerable to fracture. The maximum permissible limit of uoride in a secondary maximum contaminant level is set at 2.0 mg L À1 by the U.S. Environmental Protection Agency. Therefore, in recent years tremendous efforts have been made for mitigation of excess uoride in wastewater. Various technologies have been applied for the purication of uoride contaminated water, such as coagulation-precipitation, 3 induced crystallization, 4 ion exchange, membrane ltra-tion, 5 electro dialysis 6, 7 and adsorption. Among them, adsorption is the most widely used and preferred method owing to its simplicity of operation and the availability of a wide range of adsorbents. In recent years, considerable attention has been focused on the study of uoride removal using composite materials. For example, cuttlesh bones, 9 magnesia-loaded y ash, 10 Zr(IV) loaded dried orange juice residue, 11 hydrous Ce(IV) + Zr(IV) mixed oxide, 12 and Fe-Ca-Zr, 13 have shown very promising results for uoride removal from aqueous solution. However, the nano-powder form of the adsorbent makes it difficult to be immobilized, separated and recycled in the practical deuoridation process. Therefore, the design of novel granular adsorption materials is needed to remove uoride in actual wastewater.
As an alternative, powder adsorption materials can be immobilized into porous structured calcium-alginate beads as a particulate form. Alginate is a nontoxic, hydrophilic, and biocompatible natural polymer that is produced by brown algae, and can form an insoluble hydrogel in the presence of divalent and trivalent cations as a gelling agent through ionic interaction between the carboxylic acid group located on the polymer backbone and the chelating cations.
14 Entrapment using calcium-alginate beads is widely used in immobilization of various powdered materials to remove target pollutants from an aqueous solution because it is a simple and cost effective technique. Therefore, SA has been investigated in many researches for heavy metal removal, such as Pb 2+ , [15] [16] [17] Cu 2+ (ref.
18 and 19) and Cd 2+ . 20, 21 Until now, calcium alginate had been used in immobilizing hydrous ferric oxide, 22 Fe-Zr binary mixed oxide 23 and Ce-Zr oxide 24 to remove uoride in wastewater. However, the low adsorption affinity for the uoride has limited their use in the wastewater treatment.
The present study aims at developing Mg-Al-La composite oxides doped calcium alginate beads for uoride mitigation from wastewater. The beads were synthesized at ambient temperature. The surface and structural properties of the synthesized adsorbent was characterized by scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FT-IR). Batch adsorption experiments were carried out to investigate the uoride removal efficiency of the prepared beads. Various adsorption isotherms and kinetic models were tted to understand the adsorption process.
Materials and methods

Materials
All chemicals used were of analytical grade. solution (300 mL) contained 2 M NaOH and 0.5 M Na 2 CO 3 , which was enough to precipitate the salt in the rst solution.
The two solutions were simultaneously added dropwise into 400 mL deionized water with vigorously stirring. The temperature was xed at 60 C, and the pH was maintained at 9-10. The resulting slurry was then aged at 60 C for 24 h. The nal precipitate was centrifuged several times with deionized water, till the superstratum water is free of Cl À . The precipitate was dried at 80 C for 24 h to obtain the Mg-Al-La power (100 mesh), and calcined Mg-Al-La power was obtained by calcining Mg-AlLa in a muffle furnace at 500 C for 5 h. The sample obtained was marked as CMAL.
Preparation of Mg-Al-La loaded alginate bead
In order to prepare the Mg-Al-La loaded calcium alginate bead, 10.0 g of sodium alginate powder was dispersed in 500 mL deionized water. This was achieved by stirring at 150 rpm and keeping solution temperature at 80 C for 1 h. Then, 40 g of CMAL was added into the viscous solution and further stirred for another 1 h. Thus Mg-Al-La loaded calcium alginate beads were obtained by dropwise adding the viscous solution (using a glass syringe) to 2% CaCl 2 solution with slow stirring. As a result, beads of approximately 2-3 mm in diameter were formed. The beads were allowed to keep in contact with CaCl 2 solution for 24 h. This process led to the formation of stable gel beads. Finally, all beads were washed several times with deionized water and dried in the vacuum drying chamber at 50 C for 24 h. The sample obtained was marked as SA-CMAL.
Batch adsorption study
Batch adsorption experiments were conducted to test the performance of SA-CMAL beads as uoride adsorbents. The inuence of initial pH and co-existing anions, along with adsorption kinetics and adsorption isotherms were investigated. A known quantity of beads were mixed with a specic volume of known uoride solution and agitated at constant temperature for different time intervals to determine equilibrium conditions. The ltrate was collected in polythene tubes and diluted before analysis. The concentration of remaining uoride ions in the adsorption medium was determined by uoride ion selective electrode. All the experiments were conducted in triplicates.
The effect of initial solution pH variation was studied by mixing 5 g L À1 of SA-CMAL beads with 100 mL of 40 mg L
À1
uoride solution in a polyethylene centrifuge. The initial pH values of the solution were then adjusted from 2 to 13 using 0.01 M HCl or NaOH solution. The centrifuge tubes containing the mixtures were xed on a shaking table (operating at 150 rpm) at 303 K. Aer overnight mixing, the sample mixtures were ltrated through a 0.22 mm GE cellulose nylon membrane lter and the ltrate were analyzed by uoride ion selective electrode.
The initial concentrations C 0 and anion concentration C e (mg L
) at time t, were determined and the uoride uptake Q e (mg g À1 ) was calculated from the equation
V is the volume of the solution in mL and m is the mass of the adsorbent (g).
The adsorption kinetic experiment of uoride on SA-CMAL was carried out by mixing 5 g L À1 SA-CMAL with the initial uoride concentration of 60 mg L À1 in 1 L beaker. The mixtures in bottles were then stirred at 150 rpm at 298 K, 303 K, and 308 K. The extent of adsorption was analyzed at different time intervals up to 97 h, the mixtures were immediately ltered through a 0.22 mm GE cellulose nylon membrane lter. Then, the concentration of uoride in the ltrate was analyzed. Pseudo-rst-order, pseudo-second-order kinetic models and intra-particle diffusion models 25 as expressed in eqn (1)- (3) were used to t the adsorption experiment data, respectively:
Pseudo-rst-order kinetic model:
Pseudo-second-order kinetic model:
Intra-particle diffusion model:
where Q e and Q t are the amount of uoride adsorbed at equilibrium and at time t. k 1 , k 2 and k p are the rate constants of pseudo-rst-order kinetic model, pseudo second order kinetic model and intra-particle diffusion model, respectively. C is the intercept of intra-particle diffusion model. Fluoride sorption isotherms on the SA-CMAL beads were determined by mixing 5 g L À1 SA-CMAL beads with 100 mL of a series of uoride solutions (pH 6.0, 10-200 mg L À1 uoride) in a polyethylene bottle. Aer overnight mixing, the samples were ltrated through a 0.22 mm GE cellulose nylon membrane lter.
The concentration of uoride in the ltrate was analyzed. Langmuir and Freundlich isotherm models 26 shown in eqn (4) and (5) were used for uoride adsorption isotherms, respectively:
Langmuir isotherm model:
Freundlich isotherm model:
where C e , Q e , and Q 0 are the residual uoride concentration at equilibrium, the uoride concentration adsorbed on the sorbent at equilibrium, and the maximum uoride concentration, respectively, and b, K f , and n are the Langmuir constant, the Freundlich constant, and adsorption intensity, respectively. The effects of co-existing anions on uoride adsorption was evaluated by mixing 5 g L À1 SA-CMAL beads with 100 mL of uoride solution (pH 6.0, 40 mg L À1 uoride) containing a certain concentrations of co-existing anions (including PO 4 3À , NO 3 À , CO 3 2À and SO 4 2À ) in a polyethylene bottle. Solution without co-existing anions was used as blank test. Aer overnight equilibration, the mixture was ltrated through a 0.22 mm GE cellulose nylon membrane lter, and then analyzed for uoride concentration.
Analytical measurements
The FTIR spectra of all the sample materials were recorded at room temperature at a resolution of 4 cm À1 with 64 scans using Shimadzu IR Prestige-21 FTIR instrument. SEM images of the samples were obtained in a JSM 6390 LV apparatus. The optical microscopic image was taken using Leica EZ 4D optical microscope. XPS measurements (ESCALAB250, Thermo Fisher Corporation, USA) of absorbent before and aer adsorption were carried out to obtain the elements binding energies of SA-CMAL and SA-CMAL-F. Concentrations of uoride in the solution, before and aer adsorption, were determined using ion selective electrode (Orion 720A+ Ion analyzer).
Results and discussion
Effects of initial pH on uoride adsorption
The pH is an important factor that may affect the adsorption process since it can change the surface charges of adsorbent.
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The effect of initial pH values on sorption of uoride to SA-CMAL is shown in Fig. 1 . The results show that, the initial pH values had negligible effect on uoride adsorption in the pH range of 2-10, indicating that the SA-CMAL exhibited good uoride removal property in a wide pH range. The acid pH condition was more benecial for the uoride removal by the SA-CMAL adsorbent. The uoride adsorption amount was above 5 mg g À1 at pH 2-10 condition and decreased sharply to 1.7 mg g À1 when the initial pH was up to 12. The higher adsorption uoride capacity at acid pH condition might be ascribed to the consumption of hydroxyl ions in water by hydrogen ions, which promotes the exchange of F À and M À OH groups. On the other hand, the lower uoride removal rate at alkaline pH condition might be attributed to the competition between uoride and hydroxyl ions.
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The nal pH values aer adsorption were also measured and shown in Fig. 1 . It can be seen that the equilibrium pH values increased with the initial pH values. The increase in pH values aer adsorption was associated with the protonation of hydroxyl groups on the material surface. In addition, the ligand exchange between OH À and uoride might release the OH À that would increase the equilibrium pH values of the solution.
Adsorption isotherms
The Langmuir and Freundlich isotherms are fundamental models to describe and understand adsorption process. The Langmuir isotherm model is oen applied for monolayer adsorption onto a surface containing certain number of identical sites. The Freundlich isotherm model is valid for multilayer adsorption onto a heterogeneous surface.
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The adsorption data of isotherms are presented in Fig. 2 at different temperatures. The parameters for the tting of linear Langmuir isotherm (eqn (4)) and the linear Freundlich isotherm(eqn (5)) are shown in Table 1 (Fig. 3) .
As shown in Fig. 2 and Table 1 , comparing with the correlation coefficients (R 2 ) of Langmuir and Freundlich, the adsorption isotherms with SA-CMAL particles can be well described by the Freundlich isotherm, which suggested that the adsorption occurred on the heterogeneous surfaces of the adsorbent. In addition, the Langmuir constant b has a positive value and all values of the Freundlich constant n were between 1 and 10, conrming that the adsorption was favorable. Table 2 shows the uoride adsorption capacity of the SA-CMAL compared with other adsorbents that have been reported. It is worth noting that the uoride adsorption capacity of SA-CMAL is much higher than those of other adsorbents, indicating a potential application for uoride removal.
Thermodynamic investigations
The effect of temperature may have a signicant inuence on the sorption process. Hence the sorption of SA-CMAL was monitored at four different temperatures 303 K, 308 K, 313 K and 318 K under the optimized condition, and thermodynamic parameters viz. standard free energy change (DG 0 ), standard enthalpy change (DH 0 ) and standard entropy change (DS 0 ) were calculated from eqn (6) and (7).
where R is the universal gas constant (8.314 J (mol K) À1 ), and T is the temperature in Kelvin. The thermodynamic equilibrium constants (K d ) of the uoride adsorption on SA-CMAL were calculated from the intercept of the plots of ln(Q e /C e ) versus Q e . The resulted are presented in Table 3 . 
Adsorption kinetics
Contact time is one of the important parameters inuencing the efficiency of the adsorption process. The kinetic study was conducted for uoride adsorption onto SA-CMAL at adsorbent dose of 3 g L À1 and initial uoride concentration of 60 mg L À1 at temperatures 298 K, 303 K and 308 K, respectively. The experiments were conducted by varying time between 0.33 h and 97 h. It is evident from Fig. 4 that uptake increased with time and gradually reached to the maximum. The uptake of uoride was fast within 48 h, aer which it slowed down and the equilibrium approached. This might be due to the reduction of driving force aer long operation period. Initially the sorbent sites were vacant, hence uptake was increasing with time. Then the sites were lled with uoride and ultimately saturated. In order to understand the mechanism of uoride sorption on SA-CMAL, the pseudo-rst-order kinetic, pseudo-secondorder kinetic, and intra-particle diffusion were applied to simulate the adsorption data. The plots are given in Fig. 5 . And the calculated kinetic parameters together with the regression coefficients (R 2 ) are listed in Table 4 . It can be observed that the R 2 of pseudo-second-order model were much higher than those of the pseudo-rst-order model at different temperature. Moreover, the experimental adsorption capacity (Q e,exp ) values matched well with the theoretical adsorption capacity (Q e,cal ) values calculated from the pseudo-second-order model compared with that calculated from the pseudo-rst-order model. The results indicated that the uoride adsorption process can be well described by the pseudo-second-order model and the adsorption process might be chemisorption.
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The intra-particle diffusion model was applied to further investigate the rate limiting step of the adsorption process. In general, the process of uoride adsorption follows three consecutive steps: 37 (1) transport of uoride from boundary lm to the exterior surface of adsorbent (lm diffusion); (2) transfer of uoride from the surface to the pores of adsorbent (intraparticle diffusion); (3) adsorption of uoride on the interior surface of adsorbent (equilibrium stage).
The plot of Q t vs. t 0.5 at different temperature is shown in Fig. 5c and the constants calculated from the plot are listed in Table 4 . The results show that the curves presented multilinearity, which indicated that the adsorption processes were not only controlled by intra-particle diffusion. The linear portions of the curves did not pass through the zero point indicating that mechanism of uoride removal by SA-CMAL is complex and both the surface adsorption and intra-particle diffusion contributed to the rate determining step. Fig. 7a . The SEM images of SA-CMAL before and aer uoride adsorption are shown in Fig. 7 . The surface of the fresh SA-CMAL was compact (Fig. 7b) . Aer uoride adsorption, it became rough and loose (Fig. 7c) , and some tiny interspaces were present. 3.6.2 FTIR analysis. FTIR spectra analysis was performed to show the functional groups on the materials. The FTIR spectra of SA-CMAL before and aer adsorption are presented in Fig. 8 .
The broad peak at 3460 cm À1 was assigned to the stretching models of O-H bands, and the peaks at 1624 cm À1 and 1508 cm À1 corresponded to -COO-anti-symmetric stretching vibration and symmetric stretching vibration, respectively. The peak at 1059 cm À1 indicated the presence of C-O group. The comparison of FT-IR spectra before and aer uoride adsorption ( Fig. 8a and b) shows that the peaks at 3460 cm À1 , 1624 adsorption, indicating that the interaction occurred between the metal ions and the uoride in the adsorption process.
XPS analysis.
To further understand the elemental information of the SA-CMAL particles and the interaction between adsorbent and uoride, the XPS spectra of SA-CMAL particles before and aer uoride adsorption are shown in Fig. 9 . The wide scan XPS spectra showed that the main elements in the shell of the adsorbent were C, O, Mg, Al, La and Ca. Aer adsorption, a new F 1s peak was found at 684.1 eV, indicating the existence of uoride on the adsorbent surface. These results conrmed that the adsorbent was effective for uoride removal. The high uoride removal efficiency can be attributed to isomorphic substitution between F À and OH À . 
Conclusion
In the present work, a novel SA-CMAL adsorbent was successfully designed for uoride removal from aqueous solutions via entrapment of the Mg-Al-La composite oxides powder into alginate beads. The result indicated that the beads could remove uoride effectively within a wide pH ranging from 2 to 10, indicating that there was no requirement to adjust the pH in treatment of industry wastewater. 
